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ABSTRACT 



The monthly and interannual variations of upwelling and downwelling signal in the Bay of Bengal (BOB) have been investigated in this 
study using 52-years Simple Ocean Data Assimilation products (SODA). The intensity of upwelling and downwelling in the southern 
part is much higher than the other parts of BOB. The upwelling and downwelling in the BOB is not only driven by wind stress curl but 
also has significant contribution from the remote effect. The eastern coast and the central BOB are mostly dominated by remote effect. 
The wind-stress curl driven upwelling and downwelling in the open ocean is almost balanced by remote effect and as a result the central 
BOB does not show any upwelling and downwelling features during summer season. The increase of wind stress curl in the recent years 
over this region is another important outcome of this study. The Wind Stress Curl (WSC), vertical velocity and remote effect are influ- 
enced by the tropical climatic events like El-Nino/Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD). The upwelling and 
downwelling signals became stronger during El-Nino and La-Nina years but during the concurrent ENSO and IOD years (1988 and 
1997) this signals show different behavior for different boxes. There are quite similar responses of the BOB with El- Nino and positive 
IOD events and also with La- Nina and negative IOD events. 
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1. Introduction 

The mechanism of oceanic upwelling and downwelling processes is 
very important to study as it affects the biological productivity and 
climate. It accounts for 80-90% of global ocean new productivity 
[Rao and Rama 2005]. During upwelling, the cold water comes 
from bottom to the surface with nutrients and chlorophyll and the 
warm water goes down during downwelling. Thus the distribution 
of heat flux is maintained in the vertical direction [Pond and 
Picard 2005]. 

The domain of our study is BOB which is located in the northeast- 
ern Indian Ocean (approximately 2°N - 22°N and 80°E - 100 E). It 
is a semi enclosed tropical ocean basin that is highly influenced by 
semiannually reversing wind. During winter monsoon, weak 
northeast winds bring cool and dry continental air to the BOB 
region, while, the strong southwest trade winds bring humid mari- 
time air into the BOB region during the summer monsoon. The 
BOB receives large amount of fresh water from the river discharge 
[Subramanian 1993], as well as rainfall, mostly during the south- 
west monsoon that makes the upper layers water highly stratified 
with low salinity. The excess precipitation over evaporation 
[Prasad 1997] is prominent during this season. The BOB is also 
affected by severe tropical cyclones. 

Several studies tried to understand the complex nature of the BOB 
and suggested the role of remote forcing in the semi-annual vari- 
ability of the upper-layer circulation in the BOB [Potemra et al., 
1991; Prasanna Kumar and Unnikrishnan 1995; McCreary et al., 
1993, 1996; Shetye et al., 1996; Han and McCreary 2001; Han et 
al., 2001 and Somayajulu et al., 2003]. The remote forcing could 
arise by a variety of mechanisms, such as planetary waves origi- 
nating at the eastern boundary excited by the energy radiated by 
the coastal Kelvin wave [Potemra et al., 1991; Yu et al., 1991; 
McCreary et al., 1993; Yu 2003, Paul et al., 2009] , planetary waves 
generated by the variability in the local alongshore winds, and the 



interior Ekman pumping during the peak of summer and winter 
monsoons. It is natural to expect that these semi-annual atmo- 
spheric forcing as well as the remote forcing would modulate the 
thickness of the upper ocean by altering the thermal and mechani- 
cal inertia of the layer. 

Shetye et al., [1991, 1993] based on hydrographic data and ship- 
drifts concluded that the BOB is driven mainly locally by wind 
stress curl but the role of remote driving proposed by Potemra et 
al., [1991] and McCreary et al., [1993] requires further investiga- 
tion. Shankar et al., [1996] analyzed the dynamics of the East 
Indian Coastal Current (EICC) in the BOB forced by Ekman pump- 
ing confirmed the role of remote forcing. Another possible mecha- 
nism is coastal Kelvin waves propagating northward along the 
eastern boundary of the BOB excite westward propagating Rossby 
waves into the interior of the BOB [Yu et al., 1991; Yu 2003; Han 
and Webstar 2002 and Paul et al., 2009] . 

Several studies on the upwelling and downwelling over BOB basin 
were confined near the coastal region only [Suryanarayana and 
Rao 1993; Shetye et al., 1991, 1993]. There is no study available 
over the entire basin using the long time series oceanic dataset to 
investigate the mechanism of the above phenomena. Beside this, 
in recent years after the discovered of IOD [Saji et al., 1999] it has 
been reported by the researcher that the interannual variability of 
oceanic parameters in the equatorial Indian Ocean greatly influ- 
enced the circulations of the BOB and Arabian Sea [Somayajulu et 
al., 2003]. Jensen [2007] showed that the clockwise circulation in 
the Indian Ocean is intensified during El-Nino and IOD events 
and is weakened during La-Nina events. Fu [2007] showed that 
variability of Sea Surface Height is related to wind forcing at 
interseasonal frequencies. 

In this paper we have studied the mechanism of upwelling and 
downwelling monthly and interannual signal using SODA dataset 
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and tried to identify the strong upwelling and downwelling zones 
over the BOB basin (Figure 1). The interannual variability of the 
upwelling and downwelling, WSC and remote effect signals and 
how they are influenced by the oceanic phenomena like El-Nino, 
La-Nina and IOD are also studied in this paper. We have also tried 
to find the dominant signals of the above parameters over the 
years. 

2. Data and Methodology 

In the present work, investigation is carried out to study the 
monthly and interannual variation of upwelling and downwelling 
signal in the BOB using the 52 years (1950 to 2001) global ocean 
monthly analysis datasets based on the SODA package of Carton 
et al., [2000a, 2000b]. This analysis uses a multivariate version of 
optimal interpolation in which the temperature, salinity and sea 
level fields are analyzed using statistical objective analysis. This is 
a well-known dataset as it has been used for the study of 
subsurface influence on Sea Surface Temperature (SST) [Rao and 
Behera, 2005] and Indian Ocean Dipole/Zonal Mode [Fischer et al., 
2004] in tropical Indian Ocean region. 

The Ekman transport may be calculated [Deseret al., 1999] by bal- 
ancing the wind stress force with the Coriolis force due to ocean 
velocity ( u and v) integrated over the Ekman layer as, 
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Pumping) but negative wind stress curl causes convergence in the 
Ekman layer with downwelling (downward Ekman pumping) and 
vice versa in the Southern Hemisphere [Pond and Picard, 2005] . 

The total vertical velocity is calculated diagnostically using conti- 
nuity equation as, 

J .&u flr , 

© 

where, u and v are the velocities along zonal and meridional direc- 
tions respectively. 

The remote component is obtained by taking the difference of the 
above two as, 

w remole =(w ver w E ) (6) 

The advection term is calculated by using the following formula, 

T dT &T 

(7) 

Here according to our calculation the positive value of advection 
means that region gains heat and negative value of advection 
means losing heat. 



where, p 0 is the density of seawater and / is Coriolis parameter, 
and are the wind stress components in zonal and meridional direc- 
tions, and t x and x y are the wind stress components in zonal and meridional 
directions, and 



0 




where, z E is the base of the Ekman layer. 



Using the continuity equation again we can calculate the vertical 
motion ( w E ) integrating the layer mean Ekman transports from the 
base of the Ekman layer as, 
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Replacing the Ekman transport terms with the wind stress terms 
yields the relationship between Ekman pumping and the curl of 
the wind stress as, 
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3. Results and Discussions 

3.1 Monthly Variability 

The upwelling and downwelling of the BOB basin is influenced by 
the semi-annual reversing wind. So it is interesting to observe the 
monthly variation of upwelling and downwelling in that region. 
Here we have analyzed the monthly variations of WSC which indi- 
cates the converging or downwelling (negative value) and diverg- 
ing or upwelling (positive value) zone. The vertical velocity is cal- 
culated at 37.5m depth in order to see the Ekman influence of this 
region. The positive value of vertical velocity means upwelling and 
negative value means downwelling. The monthly climatology of 
the above three parameters (w ver ,w E and w remote ) are calculated from 
52 year dataset to study the variability. 

3.1.1 Wind Stress Curl 

The monthly climatology of WSC depicts the upwelling and 
downwelling regions over whole BOB (Figure 2). It indicates that 
there should be a downwelling zone in the western coast of the 
BOB (82°E - 88°E, 10°N - 16°N) during January to April. In the 
month of February, the intensity of wind stress curl attains its 
maximum value. Then the centre of this downwelling zone shifts 
towards the central BOB till the month of April. During these four 
months the WSC is almost negative all over the BOB. But from 
April, the upwelling is observed in the western coast of the BOB. 
During that time, negative WSC is observed in the eastern coast of 
the BOB (90°E - 96°E, 12°N - 18°N). This opposite characteristics 
may be due to the reversing wind over the BOB. During summer 
and late summer (May-September) the BOB divides into two parts 
(eastern and western) approximately around 90°E, the upwelling 
in the western part and downwelling in the eastern part of BOB. 
The WSC is positive in the western side and negative in the east- 
ern side. But in the late fall to early winter season (October- 
December), the WSC divides the BOB in north-eastern and south- 
western part with downwelling in the northern part and upwelling 
in southern part. It is also clear from the figure that the intensity 
of WSC is larger in the southern part of the BOB except in the win- 
ter and in the early spring season. 



This Ekman pumping relation includes not only wind stress but 
also the beta effect. 

In the Northern Hemisphere, positive wind stress curl causes 
divergence in the Ekman layer with upwelling (upward Ekman 



3.1.2 Vertical Velocity 

The vertical velocity is calculated at 37.5m depth by using the equa- 
tion (5) is shown in Figure 3. It shows that in the winter season i.e. 
from the month of December to February, strong downwelling in 
the north-western BOB. The similar pattern is also depicted in the 
Figure 2. During that time, north-easterly wind flows over BOB 
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and strong upwelling is observed in the eastern BOB. The north- 
eastward penetration of cold upwelled water from equatorial 
region around 85 E is evident during this time (Figure 4a). This is 
one of the evidence of remote effect to the BOB. It may be attrib- 
uted to the meeting point of the reflected Kelvin wave from the 
western coast of the Indian Ocean basin and reflected Rossby 
waves from the eastern coast of Indian Ocean basin (Figure 4b) 
which is prominent in the month of April (Figure 3). In the summer 
when the south-westerly wind flows over the BOB region, the east 
and west BOB changes its nature. During that time, upwelling is 
observed in the west coast and downwelling in the east coast. As 
the wind is stronger than that of winter, the vertical velocity is 
larger in magnitude. During this time, the central BOB do not 
show any upwelling and downwelling features but the nature of 
the vertical velocity divides the BOB into two parts. This is due to 
the south-easterly wind flow and can be explained by similar mech- 
anism as explained for the north-easterly wind during winter. 
This situation stays for the next few months from May to August. 
It becomes weak with time and in the month of September it is 
almost negligible. This may be due to the continuous rain during 
summer monsoon which makes the region highly stratified. The 
downwelling is observed at that location as northeast wind flows 
over BOB. The counter equatorial flow causes the downwelling fea- 
ture in south of BOB during this time. The strong upwelling is 
observed from the month of May to October around Sri Lanka 
because of strong southwesterly wind. The magnitude of vertical 
velocity is almost same with WSC when EICC is not strong i.e. 
May to August [Shankar et al., 1996]. But except the above period, 
their magnitudes are different. 

The role of horizontal advection to the vertical velocity can be seen 
from the temperature advection diagram (Figure 4c). It shows that 
from December to February there exists a warm water advection 
from the south into the BOB which helps to form a strong 
downwelling (Figure 3). During that time cold water advected to 
central BOB from eastern coast to the central BOB. As the time 
passes this cold water advection push back the warm water to the 
south and occupy most of the BOB during April although there is 
weak downwelling. During the month of May as the strong south 
west wind starts to flow over BOB, it reduces the cold water 
advection to the west, warm water starts to advect in the eastern 
BOB and cold water from the equator. During the month of July, 
cold water starts to penetrate from eastern coast of BOB to the cen- 
tral BOB region. During that time warm water advection takes 
place from the Arabian Sea to the BOB. In the summer, warm 
water advection from Arabian Sea is evident although there is 
strong upwelling in the eastern coast. In the month of September 
and October when the wind is changing its direction (from south 
westerly to north easterly), the warm water again starts to advect 
from the equator. 

3.1.3 Remote effect 

The Figure 5 shows the remote effect in different months over 
BOB. Figure 2 shows that there should be a strong downwelling in 
the northwest BOB during winter, but that is not reflected in Fig- 
ure 3 indicating the existence of remote forcing by offshore or local 
wind stress curls [Shankar et al., 1996]. During that time WSC 
(Figure 2) shows converging or downwelling zone in the eastern 
BOB, but Figure 3 shows upwelling in that region. Therefore in 
winter, the remote effect from Malacca strait is prominent which is 
in favor of upwelling (Figure 5). In the summer, south-westerly 
wind (Figure 3) results downwelling in the east coast of BOB which 
is also seen in Figure 2. This indicates that remote effect is not 
prominent in this region in the summer. During that time 
upwelling occurs in the east coast line of India which can be seen 
both from vertical velocity and wind stress curl. During the month 
of May to November, value of remote effect shows negative value in 
southern BOB. It means remote effect is suppressing the influence 
of WSC. It can be concluded from the Figure 5 that the remote 
effect is not only confined in the eastern coast or around the Sri 
Lanka region but most of the BOB is dominated by remote effect 



throughout the entire year by the northward propagation of 
coastal Kelvin wave along the eastern coast of BOB and trapping 
of Kelvin and Rossby waves in the central part of BOB (between 
10 N to 15 N) basin [Yu et al., 1991; Yu 2003; Han and Webstar 
2002 and Paul et al., 2009]. During month of April to June, pene- 
tration of Kelvin wave through southern BOB and its spreading 
along the east coast of BOB are clear from Figure 5. 

3.2 Interannual variability 

The monthly variations of WSC, vertical velocity and remote effect 
are not uniform in different parts of BOB (Figures 2, 3, and 5). In 
order to study the interannual variability, four boxes (A, B, C, and 
D) have been chosen in this study. 

a) Box-A: 81° E - 87°E, 13°N - 18°N 

b) Box-B: 90°E - 96°E, 13°N - 18°N 

c) Box-C: 81° E - 87°E, 5°N - 10°N 

d) Box-D: 93°E - 99°E, 5°N - 10° N 

These four boxes are very important as boxes A and B are directly 
linked with river discharge and semi-annual reversing winds, 
where box C is affected by penetration of Arabian Sea water flow as 
well as the equatorial effect ,and box D is directly affected by 
coastal Kelvin waves and penetration from Malacca strait. The 
interannual variability is shown for the variables used here in 
terms of indices [Chakraborty et al., 2006]. These indices were cal- 
culated from the monthly -climatology-removed anomalies of the 
time series data. The long-term time mean of the above anomalies 
was subtracted from each time series datum and normalized by 
dividing the standard deviation (s). 

Previous studies suggested that on the interannual time scales the 
surface circulation of BOB is closely linked to the ENSO and its cir- 
culation responded to all the phases of ENSO events [Somayajulu 
et al. , 2003] . We have tried to find the relation of the above parame- 
ters i.e. WSC, vertical velocity and remote effect with El-Nino and 
La-Nina years (Table 1) taken from www.cpc.noaa.gov. We have 
also performed wavelet analysis [Torrence and Compo 1998] to 
diagnosis the interannual signals. 

3.2.1 Wind Stress Curl 

Figure 6a represents that the interannual variability of wind 
stress curls in the southern part of the BOB are larger than the 
northern part (as value of standard deviation is larger). It is 
observed from this figure that before 1980 the interannual varia- 
tions in all boxes are weak compared to the period after 1980 when 
variations increases in almost every box. In box A, there is sharp 
decrease in the interannual variations during 1990 to 1995 period 
but in box B, there is an increase of negative curl index during this 
period. In box C and D also, there are large variations. Overall anal- 
ysis of this figure shows that the peak of the interannual signal, 
number of occurrences and many cases the duration in the BOB 
after 1995 for box A and after 1985 for other boxes increased. The 
changes of Sea Surface height and heat content in the oceans [Car- 
ton et al., 2005] and more frequent occurrence of strong equatorial 
climatic events after 1980 maybe the cause of the above variations 
in the recent decades. 

Wavelet analysis for WSC (Figure 6b) shows that there are many 
signals in the interannual variations almost for every box. For box 
A, no prominent signal is found before 1980, but after 1980 there is 
a 1-2 year signal in mid 1980s and 2-4 years signal in late 1990s. 
For box B, strong annual and semi-annual signal during 1964 and 
1972 are found. There are also 1-2 year signal during 1988 and 
1998. There are also 3-6 years signal in 1960s and 8 year signal in 
1980s, but they are below 90 percent significant level. In case of 
box C, there is 2-6 years signal after 1980 and along with 1-2 year 
signal in late 1990s. For box D also there is a signal of 2-4 years in 
the late 1990s. Many of these prominent signals are associated 
with tropical climatic signals like ENSO and IOD. During strong 
El-Nino years the WSC is negative in southern BOB (box C and D) 
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resulting in downwelling and it is almost zero in upper BOB (box A 
and B) during those years except 1997-1998 which can be seen in 
Table 1. This exception may be due to overlapping of El-Nino and 
Indian Ocean Dipole (IOD) phenomena. During La-Nina years 
WSCis zero or positive in box A, C andD. But it is negative in 1975- 
1976 and 1988-1989 in box-B. The same features are also reflected 
from wavelet analysis (Figure 6b). During El-Nino the primary pro- 
ductions are very much less because downwelling increases but 
during La-Nina years the conditions are in favor of the primary pro- 
ductions due to increase of upwelling. 

The impact of equatorial climatic signals to the variations of 
upwelling and downwelling during the winter months are evident 
from figure 9 (left column). It shows that WSC is lower in magni- 
tude than climatology in both positive IOD and El-Nino events for 
almost all over the BOB. Southern BOB experience more 
downwelling in comparison to the northern side. But in the case of 
La-Nina event, WSC is larger in magnitude over climatology in the 
north-western BOB and the southern side of Sri Lanka, but lower 
in magnitude in the southern BOB. It is interesting to note that in 
the case of negative IOD event the signals are almost same like the 
La-Nina event and similar pattern is also observed by Jensen 
[2007] through the modeling study. 
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ity. Therefore during this time remote effect is prominent in the 
Malacca strait region. 

The Figure 8b shows that there are strong 2-3 years signal in box A 
during 1970 and late 1990s. This box also shows 3-6 years signal 
during the period from 1960-1995. But that signal is not so promi- 
nent. Strong annual signals are also found in that box during 1973, 
1977, 1982-1983 and 1994. This strong signal of period 1 year is 
also found in all other boxes during those times. There is a strong 
3-7 years signal in box B during 1960s. In box C there are 1-3 year 
signals in 1964, 1973-1974 and in the late 1990s. In box D also 
there are 3-8 years signal but significant level is less. The box D is 
mainly dominated by 1-2 year signals during El-Nino and La-Nina 
years. 

Table 1 show that during the 1991-1992 (one of strong El-Nino 
years) the remote effect is positive in all boxes except the year 
1997-1998 when it is negative. In case of La-Nina years, the nega- 
tive value is seen in box A. For box B it positive except 1988-1989. 
For box D, it is negative in 1955-1956, 1973-1974 and positive in 
1975-1989. It also shows that when IOD (1988, 1998) occurs con- 
currently with El-Nino or La-Nina, the boxes shows different type 
of nature compared to only El-Nino or La-Nina years. 



3.2.2 Vertical Velocity 

The interannual variations of the anomalies in vertical velocity 
are shown in Figure 6a. The anomalies of vertical velocity in the 
box A and B (upper BOB) are lower than the other two regions as 
seen in case of WSC. In the same way, the variations increase after 
1980 but not in large extent. In box D, from 1987 to 1996 there is 
continuous positive anomalies. 

Wavelet analysis for vertical velocity (Figure 6b) shows the same 
indication like WSC. In box A, there are annual signal during 
1955-1956, 1964-1965, 1988-1989 and 1997-1998. These are noth- 
ing but the El-Nino and La-Nina years. There are strong signals of 
2-3 years during late 1960s and 1990s. In case of box B, there are 
strong signal during 1965, 1972, 1983 and in 1998. In that box 
wavelet spectrum shows that there is 4-6 years signal in 1965 and 
in 1980s, but the significance level is below 90 percent. In box C 
there are strong annual signal during 1977-1978, 1982-1983 and 
in the mid 1990s. This box shows a 3-6 years signal after 1980. In 
case of box D, there are same indications like the other boxes. Dur- 
ing last 1960s and starting of 1970s a 2-4 years dominating signal 
is present. Table 1 shows that during strong El-Nino years, boxes 
A and B show positive value. But the boxes C and D show negative 
value except 1997. Again value of vertical velocity is zero and posi- 
tive during the La-Nina years where in box A the value is negative 
except 1988-1989. 

Figure 9 (middle column) shows that vertical velocity is larger in 
magnitude over climatology during El-Nino event case in the 
south-eastern side of the BOB and the southern side of Sri Lanka. 
The southern BOB experience downwelling feature during posi- 
tive IOD year but the vertical velocity of the eastern BOB is larger 
in magnitude than the climatological value. In the positive IOD 
year Indonesian side of Indian Ocean experiences colder phase 
and as a result cold water enters the BOB to enhance the 
upwelling. But in the La-Nina year the picture is different from the 
above two cases. During that event, the vertical velocity is larger 
in magnitude in the south-eastern BOB and the southern side of 
Sri Lanka but smaller in area. The vertical velocity structure in 
the upper BOB during the negative IOD case is almost similar like 
the La-Nina event. 

3.2.3 Remote effect 

The interannual variations for the remote effect are shown in Fig- 
ure 8a. The recent increase in variations like WSC and vertical 
velocity are not prominent for remote effect. The box A has less and 
box D has largest fluctuation. In box D, from 1987 to 1996 there is 
continuous positive anomalies in remote effect like vertical veloc- 



Figure 9 (right column) shows that remote effect is larger in mag- 
nitude over climatology in El-Nino event case in the southern BOB 
and in favor of upwelling. The rest of the BOB is also with positive 
remote effect except in the central BOB. In IOD year, the remote 
effect is larger in magnitude than the climatological value in the 
eastern and the south-eastern sides of BOB. During that year, 
WSC is very strong for downwelling. Therefore downwelling is still 
there as it dominates the other effects. Only in the small region of 
the eastern BOB shows the upwelling. During the La-Nina year, 
remote effect is prominent and in favor of upwelling in the north- 
eastern BOB. The favor of downwelling is present all the other 
regions of the BOB with a stronger in magnitude in the southern 
coast of Sri Lanka. But during that event the WSC is so strong that 
the region shows upwelling. Remote effects during the negative 
IOD events are similar in nature of La-Nina event. 

4. Conclusions 

Analyzing the SODA data, we have investigated the upwelling and 
downwelling signals and their variations over BOB basin. The 
monthly climatology of WSC shows that there is an anti-cyclonic 
pattern all over the BOB during winter. This anti-cyclonic pattern 
slowly (May to September) squeezed towards eastern part of the 
basin. During this time western part of the basin shows another 
cyclonic pattern. This divides the BOB in two parts as western side 
with cyclonic WSC and eastern side with anti-cyclonic WSC. Dur- 
ing the period from October to December, the BOB again divides in 
two parts as northern (anti-cyclonic WSC) to southern (cyclonic 
WSC). The vertical velocity does not corroborate with WSC except 
summer when the strong southeasterly wind flows over BOB. The 
remote effect for the BOB is mainly from equatorial region and 
Malacca channel which is clear from our study. The equatorial 
remote effect is opposing the wind stress during the summer sea- 
son but the Malacca Strait influence is in favor of wind stress dur- 
ing the winter time. The northward moving coastal Kelvin waves, 
penetration of Arabian Sea and Indian Ocean water around 85 E 
into the BOB basin (Figure 4a) and trapping of Kelvin and Rossby 
waves in the Central BOB [Yu et al., 1991, Yu 2003; Han and 
Webstar 2002; . Shankar et al., 1996 and Paul et al., 2009] are the 
main components of the remote effect (Figure 4b). 

In order to gain inside the dynamics of upwelling and downwelling 
the horizontal advection to the vertical velocity is analyzed which 
shows that from December to February the warm water advection 
from the south into the BOB is present when strong downwelling 
exist. At the same time cold water get advected to the central BOB 
from eastern coast to the central BOB. With time this cold water 
advection push back the warm water to the south and occupy most 
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of the BOB during April. From the month of May when the strong 
south west wind starts to flow over the BOB, the cold water 
advection reduces to the west and warm water advection starts to 
the eastern BOB. In the month of July the warm water advection 
takes place from the Arabian Sea to the BOB. During the month 
from September to October again warm water advection starts 
from the equator to the BOB region. 

In the interannual variability, it is seen that curl of wind stress 
increases after 1980 which in turn results the increase of 
upwelling in the BOB. The BOB is highly influenced by El-Nino 
and La-Nina events mostly in the southern part compared to the 
northern side. There are systematic influences of the boxes by the 
strong El-Nino and La-Nina events except the period of associated 
with concurrent IOD event (Table 1). Wavelet analysis for WSC, 
vertical velocity and remote effect show mainly the prominent 
yearly and ENSO signal (2 -8 years) indicating the BOB influenced 
by reversing wind effect and the effect from the ENSO phenomena. 
The responses of BOB during El- Nino year and during the positive 
IOD year are similar as well as in the same way La- Nina and nega- 
tive IOD year are also similar. The explanations for the variations 
of wind stress curls after 1980 needs detailed investigations using 
numerical model and that will be our future study. 
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Figure captions 



Figure 1: Domain of the study 



Figure 2: Monthly climatology of wind stress curl 
(1 Unit = 10 6 ms' 1 ). 
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Figure 3: Monthly climatology of vertical velocity 
(1 Unit = 10 6 ms *). 
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Figure 4c 

Figure 4: Monthly variation of temperature advection 

(1 Unit = 10 8 Ks *) for a) time-latitude section along 85°E, 
b) time-longitude along 12°N and c) climatology. 



Figure 5: Monthly climatology of remote effect 
(1 Unit = 10 6 ms' 1 ). 
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Figure 6a: Interannual variations of wind stress curl 
indices. 
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Figure 7a: Interannual variations of vertical velocity 
indices. 
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Figure 8a: Interannual variations of remote effect 
indices. 
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Figure 6b: Wavelet spectrum of wind stress curl anomaly 
using 'Morlet' wavelet. The thick contour encloses 
regions of greater than 90% confidence for a red-noise 
process. Cross-hatched regions on either end indicate 
the “cone of influence,” where edge effects become 
important. 
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Figure 7b: Same as 6b, but for vertical velocity. 
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Figure 8b: Same as 6b, but for remote effect. 
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Figure 9: Composite picture of WSC, vertical velocity and remote effect anomalies during strong El-Nino, La-Nina, 

positive IOD and negative IOD years. 
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Table 1: Nature of WSC, vertical velocity and remote effect during strong El-Nino and La-Nina years. 


Strong El-Nino 


Year 


WSC (w E ) 


Ver-Vel (w ver ) 


Remote Effect (w remote ) 


A 


B 


C 


D 


A 


B 


c 


D 


A 


B 


C 


D 


1972-73 


0 


0 


N 


N 


P 


P 


N 


N 


P 


P 


N 


N 


1982-83 


0 


0 


N 


N 


P 


P 


N 


N 


P 


P 


N 


N 


1991-92 


0 


0 


N 


N 


P 


P 


N 


N 


P 


P 


P 


P 


*1997-98 


p 


p 


N 


N 


0 


P 


P 


0 


N 


N 


N 


N 


Strong La-Nina 


Year 


WSC (w E ) 


Ver-Vel (w ver ) 


Remote Effect (w remote ) 


A 


B 


C 


D 


A 


B 


C 


D 


A 


B 


C 


D 


1955-56 


0 


0 


P 


P 


N 


P 


P 


0 


N 


P 


N 


N 


1973-74 


0 


0 


0 


0 


N 


0 


P 


P 


N 


0 


P 


N 


1975-76 


p 


N 


0 


P 


N 


N 


0 


P 


N 


P 


0 


P 


*1988-89 


p 


N 


p 


P 


P 


0 


0 


P 


0 


N 


N 


P 


P — > positive, N— > Negative 


^indicates the year with IOD. 
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